Abstract: Coherent Gradient Sensor (CGS) system is presented for measurement of curvatures and nonuniform curvatures changes in filmsubstrate systems at cryogenic temperature. The influences of the interface of refrigerator and itself on the interferograms which are accounting for the temperature effect are successfully eliminated. Based on the measurement technique, the thermal stresses (including the radial stress, circumferential stress and shear stress) of superconducting YBCO thin-film are obtained by the extended Stoney's formula during the heating process from 30K to 150K. Take the superconducting YBCO thin film as an example, the thermal stresses of which are gained successfully.
Introduction
Thin films deposited on various types of substrates are applied in many technologies, such as microelectronics, optoelectronics, thermal barrier coating technology, and microelectromechanical systems (MEMS), etc. Fabrication of such a film-substrate structure inevitably gives rise to stress in the film due to lattice mismatch, different coefficients of thermal expansion, chemical reactions, or other physical effects. Up to now, there are a few experimental techniques (including scanning laser method [1] , multi-beam optical stress sensor [2] , coherent gradient sensor [3] [4] [5] [6] , and X-ray diffraction [7] , etc.) for stress measurement in thin films. Compared with other methods, the coherent gradient sensor (CGS), one type of shear interferometry, has distinguished advantages, including full field, real-time, non-destructive, noncontact, and vibration insensitivity, which is based on the observation of substrate curvature induced by this stress, and is gaining increasingly widespread use as diagnostic procedures [8] [9] [10] . According to the mismatch in thermal expansion coefficient between the film and substrate subjected to a high temperature environment, Dong et al. [11] developed the CGS system to high temperature and presented the analysis expression of the stress based on the Stoney's formula [12] and its expansions [13] [14] [15] [16] [17] . In addition, CGS system is always used to investigate the deformation of crack tip and facture characteristics in the facture-mechanics [3, [18] [19] [20] , such as the crack tip deformation, stress intensity factor, etc. Some good results are achieved by the CGS system. However, since the CGS system is applied to measure the curvature and curvature changed in thin film-substrate structures by Rosakis et al. [5] at first, and recently, Liu et al [21] give a theoretical error analysis of the CGS system at low temperature, there are few investigations on the CGS system at the cryogenic temperature. For the superconducting thinfilm systems, which are employed at the low temperature ambient (always explored by a vacuum closed cycle refrigerator with transparent interface), and the thermal stress has remarkable effects on its superconducting characteristics, e.g. critical current density [22] . Thus, it is important to measure the thermal stresses of the superconducting thin film system during its cooling process. In this paper, a measurement device including CGS and low temperature Dewar is established firstly, and then a technique to reduce the influences of the interface on the obtained interferogram is presented. In the last, the thermal stresses (including the radial stress, hoop stress and shear stress between the thin film and substrate) of the superconducting YBCO thin-film during temperature increase process are obtained.
Experimental setup and processes
The CGS setup for cryogenic temperature measurement is illustrated in Fig. 1(a) . A collimated laser beam passes through a beam splitter and is then directed to the reflecting specimen surface in the Dewar with a transparent window. The reflected beam from the specimen is further reflected by the beam splitter and then passes through two Ronchi gratings, G 1 and G 2 with the same density (40 lines/mm) separated by a distance  . The diffracted beams from the two gratings are converged to interfere using a lens. Either of the ± 1 diffraction orders is filtered by the filtering aperture to obtain the interferogram recorded by a CCD camera. Fig. 1(b) is displayed the actual equipment of the measurement system, in where the number 1 denotes the closed cycle refrigerator (G-M). The detail description of the CGS system will be neglected in this paper. Its process will be referenced by Dong et al. [11] and Liu at el [21] . Here, we take emphasis on the technique how to eliminate the influences of interface on the interferogram. At first, in order to remove the effects of the reflected beam of the transparent window on the CGS system, a tilt of the transparent window will be conducted, which is illustrated in Fig. 2 (a). According to the law of refraction, one can see that there is no effect of the quartz window on the light propagation vector easily, which has effect on the location of the interferogram only. Thus, the change of the incidence vector will be decided by the air (its refractive index is equal to 2 n ) and the vacuum (the refractive index is equal to 1 n ). Based on our previous derivation in [21] , the propagation vector of the light from the window's surface is satisfied by 22 (1 ) 4
(1 ) 12 nn  , we can obtain '.
Because the interferogram of the CGS is formed from the propagation vector of the emergent light in air, the influences of the refraction caused by transparent window on the CGS system will be ignored. According to the equation 12 2 cos( ),
presented by Liu et al. [21] , in which and y direction, respectively. Therefore, the CGS governing equations for cryogenic temperature can be given by 
where xx  is the curvature in x direction, yy  is the curvature in y direction, and xy  denotes the twist curvature. It should be noted that the way we infer curvature and twist components is by numerical (spatial) differentiation of the surface gradient. Based on the above analysis, in order to obtain the curvature of the specimen' s surface, one can gain the phase distributions in x direction and y direction firstly. Thus, we now turn to how to obtain the phase information from the interferogram fringes.
The interferogram fringes originated from the CGS system can be gave as [23] ( , ) ( , ) ( , )cos ( , ), 
. It is well know that the fabricated processes of the thin-film/substrate system inevitably introduce the nonuniform nucleation and /or misfit, which can result in serious thermo-stress due to temperature variation. One of the authors(Xue. F.) and his previous associates [15] [16] [17] had derived an extension of Stonry's formula for a multilayer thin-film/substrate system subjected to nonuniform and nonaxisymmetrical temperature distribution. In their work, they derive relations between the film curvatures and temperature, and between the plate system's curvatures and the stresses. These relations featured a "local" part that involves a direct dependence of the stress or curvature components on the temperature at the same point, and a "nonlocal" part that reflects the effect of temperature of other points. In this paper, we will use the cylindrical coordinates to present the thermal stresses analysis. Then the nonuniform thin-film stresses form the nonuniform curvatures of the substrates can be expressed as [17] 
